Abstract: A high-rate algae pond (HRAP) was tested as a second loop of water treatment in a recirculating fish rearing system to reduce water requirements and nutrient discharge levels. Three duplicated groups of sea bass (mean initial body weight 35±11 g) were reared under different system conditions (flow-through system, recirculating system and recirculating system with HRAP) for 1 year. Fish survival rate was higher in the system with HRAP, and their mean body weight was statistically higher (p<0.05) during the month of maximal climatic conditions for algae photosynthesis. After 266 days of experiment, mean fish weight was significantly higher (p<0.05) in the flow-through system than in the recirculating systems. Final fish weight was 15% higher in the flow-through system than in recirculating systems and was related to a higher daily-ingested food. The comparison of mean annual nutrient concentrations in the recirculating systems gives a statistically significant reduction of 25% of nitrogen (p<0.01) and 9% of phosphates (p<0.01) due to the HRAP. Absorption of nitrate form is responsible for nitrogen removal and is related to climatic conditions for algae growth. The phosphate precipitation at high pH (above 8) was not considered. The maximal removal rates were 0.5±0.2 g N m−2 day−1 and 0.03±0.02 g P m−2 day−1 for nitrates and phosphates, respectively, and were obtained during the optimal climatic conditions and the shortest algae harvesting frequency. These results are favourable to complete reuse of the HRAP treated water, all year long, in the recirculating rearing systems. In order to improve nitrate and phosphate removal rates, a periodic harvesting of algae is necessary and a higher water inflow in HRAP should partly make up for inorganic carbon depletion in high nitrate and phosphate effluents.
Introduction
One of the main drawbacks of fish culture lies in the waste derived from fish feed and its metabolic end products. The main products are uneaten food, faeces and excreted, dissolved, inorganic nutrients which are transported in the water in various concentrations. In flushed rearing systems, such as cage culture in open sea or in raceways, waste output is diluted at low concentrations in a large volume.
However, direct discharge of aquaculture waste is internationally disapproved and recirculating systems are developed to limit the impact of aquaculture on aquatic environments. Reused water systems reduce water replacement rates and waste volume but they are limited by the accumulation of toxic ammonia excreted by fish. Recent studies have shown the efficiency of algae biofilters in removing nitrogen from low ammonia fish effluents Jimenez Del Rio et al., 1996; Schuenhoff et al., 2003) . In semi-closed recirculating systems, the biological filter transforms toxic ammonia to nitrate via nitrifying bacteria. Dissolved nitrate and phosphate levels accumulated in the water of such systems depend on fish density and water replacement flow rate (Pagand et al., 2000a) . In an experimental research center (Ifremer, Palavas) a high rate algal pond (HRAP) was tested to treat the effluents from a recirculating sea water circuit. This technique, described by Oswald (1963) , includes mechanically induced turbulence to enhance algal productivity. The algae that develop spontaneously in those effluents are macroalgae species (Ulva, Enteromorpha and Cladophora). Pagand et al. (2000b) demonstrated that the HRAP may be used to treat the marine fish effluents of recirculating circuits characterised by high nutrients, and specifically high nitrate concentrations. They obtained a significant reduction of nitrate and phosphate concentration, with strong seasonal variations. Also, the absence of toxic phytoplancton, a high pH value and oxygen concentration in the treated effluent were in accordance with its re-injection into the fish tanks. treated water on fish performance by comparing three rearing systems and (2) the purification capacities of the HRAP on a high concentrated effluent during one year.
Materials and methods

Experimental fish rearing systems
During this experiment, fish growth was compared in three experimental-scale rearing systems: one flow-through system (FTS); one recirculating aquaculture system (RAS) and one recirculating aquaculture system with HRAP (RAS+HRAP). A general diagram of the systems is shown on Fig.1 and their operational characteristics are indicated in Table 1 . The temperature, pH, dissolved oxygen concentration and photoperiod in the tanks were adjusted within the following ranges: 22±1°C, 6.5-8, 6-10 mg l -1 and 16 hours light per day, respectively. Each system was equipped with two self cleaning fish tanks of 2 m 3 each, in which water replacement rate was 3 m 3 h -1 per tank. Table 1 ): Flow through (1, 6, 8 & 9); Recirculating (1, 2, 3, 4, 5, 6, 7, 8 & 9) and Recirculating with HRAP (1,2,3,4,5,6,7,8,9 & 10) In the FTS (5 m 3 ), considered as a control, filtered water (6 m 3 h -1 ) passed through a UV lamp, a heat exchanger, a degassing column and a oxygenation device before entering the fish tanks. In the RAS (6 m 3 ) described by Blancheton (2000) , the fish tanks, equipped with particle traps, were connected to a recirculation loop (10m 3 h -1 ) constituted of a mechanical filter, a pumping tank, a UV lamp, a biological filter, a degassing column and a oxygenation device. The replacement water was adjusted twice a week according to the ingested food quantity, in order to maintain a constant ratio R feed/water = 0.4 kg m -3 . Rinsing freshwater of the mechanical filters was considered as part of the replacement water.
The RAS+HRAP is similar to the RAS but a part of the effluent (0.7-1 m 3 h -1 ) was taken before the biological filter to be treated in two outdoor HRAP as described by Pagand et al. (2000b) . After filtration to remove the macroalgae (1 mm mesh size), the treated effluent was pumped into the recirculation loop at the entrance of the mechanical filter. After harvesting of the algae every fifteen days during winter and spring and weekly during summer and autumn, the HRAP was restocked between 0.1 to 0.6 g of dry weight per liter (g-DW l -1 ). In order to compare our results with published data, the water flow rate in the HRAP was expressed as 0.8-1.7 volume of pond per day (vol d -1 ).
Fish origin and food characteristics
The fish were sea bass (Dicentrarchus labrax) from a nearby farm. They were 9 months old and their average weight was 35 ± 11 g at the beginning of the experiment. They were randomly distributed in the six rearing tanks of the different systems. The fish density was 10±2 kg m -3 . The experiment lasted one year and only dead animals were removed between the beginning and the end, therefore fish density in the tanks consequently increased. They quickly acclimated to the tactile trigger of the self feeders described by Coves et al. (1998) and were fed industrial sea bass food with an average composition of 44 to 52 % proteins, 1.5% phosphorus, 22% fat, 2% crude fibre and 10% ash. The trigger was connected to a HUSKY ® computer which recorded the daily Distributed Food (DF). The
Non Ingested Food (NIF) was collected in the particle traps and measured daily.
Sampling and analysis
2.3.1.Fish biometrics
During one year, the average weight of the fish, m (g) was measured every month on a random sample of forty fish after 24 h starvation. Phenoxy-ethanol was used as an anesthetic at 150 ppm and 300 ppm to sample the fish and weigh them. At the end of the experiment, all the fish were counted in each tank.
The fish density D f (kg mwith V t = volume of the rearing tanks (m 3 ); N = number of fish in the tanks.
and the specific growth rate SGR (% day -1 ):
with m i = initial average weight (g); m f = final average weight (g); t = time (day).
2.3.2.Food intake
The daily ingested food, DIF (g day -1 fish -1 ) was calculated as follows:
with DF = distributed food (g); NIF = non ingested food (g); N i & N f = initial & final number of fish in the tanks; t = time (day).
and the food conversion ratio, FCR:
2.3.3.Nutrient removal by HRAP Water was sampled 3 times per week for dissolved nutrient measurements in each circuit during four periods of two months corresponding to the seasons. Thirty millilitres of water were collected at 9
o'clock at the exit of one of the fish tank in the FTS and at the entrance of the biological filter in the RAS and RAS+HRAP. They were filtered through glass-fiber filters (GF/C Whatmann ® ) and analyzed immediately or stored in plastic tubes at minus 4°C for further analysis. The analysis were made with a Technicon Autoanalyser II . Total ammonia nitrogen (TAN) concentration was measured using the method described by Solorzano (1969) . Nitrites (NO 2 -) were measured by molecular absorption method described by Bendschneider and Robinson (1952) . The same method was used for nitrates (NO 3 -) after a primary reduction to nitrites on a cadmium-copper column (Wood et al., 1967) . The sum of these three components is equal to dissolved inorganic nitrogen (DIN). Determination of phosphates (PO 4 3-) was carried out using the spectrophotometric method (AFNOR NF T 90-023) described by Murphy and Riley (1962) .
HRAP removals (R HRAP , g.m -2 day -1 ) were the average ± standard deviation (µ ± SD) of two month values calculated for each season by comparison of the nutrient levels in the two recirculating systems.
Removal rates were expressed according to the total HRAP surface (24 m 2 ): In order to estimate their influence on the HRAP removal capacities, water temperature in the ponds and incident light were recorded every five minutes by mobile instruments (HOBO H08 & Temp Pro).
2.3.4.Parameter control
Temperature, oxygen concentration and salinity were measured every morning in the fish tanks with hand-held devices. Replacement water flow rates were checked every day and adjusted, when necessary, in the three systems. pH was measured three times a week, at the nutrient sampling spots (see paragraph below) with an Ag/AgCl reference electrode (ORION ® ) and soda (1N) was added in both recirculating systems when it was found below 6.5.
Statistics
Data on nutrient concentrations were analyzed using a one way analysis of variance (ANOVA) with the rearing system (FTS, RAS, RAS+HRAP) as the factor. Data on fish weight was analyzed using a two way analysis of variance (ANOVA) with the rearing tank (1 or 2) and the rearing system (FTS, 
Results
Water quality parameters
Evolutions of temperature, oxygen concentration, salinity and pH between two fish biometric are presented Fig. 2 . Some water parameters were difficult to maintain at a constant level all year long in the rearing systems. Salinity variations were due partly to the fresh water used to clean the mechanical filters of the recirculating systems and partly to the natural evolution of coastal water in FTS.
Temperature in recirculating systems increased with indoor air temperature during the summer and a maximal temperature of 29 °C was reached in RAS. More soda was added in RAS compare to RAS+HRAP in order to stabilised pH. An optimal level of oxygen concentration was difficult to maintain in FTS when density reached 70 kg m -3 at the end of the experiment. 
Fish performances
Average weight and density curves are shown in Fig.3 . Daily ingested food results are given in Fig.4 .
Values of final weights and densities as well as specific growth rates and food conversion rates are presented in Table 2 . Cumulative mortality rate is shown in Fig.5 . 
Time (days from 35g) Cumulative mortality (%)
During the experiment, fish growth was the same between the 2 tanks of the same system but was significantly different between the three systems (2 way-ANOVA , p=0.483 & p<0.001 between tanks and systems respectively). Since there was no significant difference between duplicates, data were pooled.
The growth between systems is globally the same for fish comprised between 35 and 200 g except after 126 days of rearing where the average weight of fish from RAS+HRAP is significantly higher (p<0.05). This gain is slight (4 % and 6% compared to FTS and RAS respectively) and is related to the period of the year with the greatest incident light (90 µE/m 2 /d) and the maximal algae growth in the HRAP (unpublished data). This benefit declined after this period. The fish growth rate was better in the flow-through system after 266 days' rearing resulting in higher mean weight (15% on average), with a density of 50 kg m -3 and an average weight of 200 g (NK test, p<0.05). This trend was maintained until the end of the experiment. After one year, this difference was about 15% on average.
The density increased with the average weight and is statistically different at the end of the experiment in the FTS (NK test, p<0.05). A similar trend was observed for SGR, 0.7, 0.66 and 0.65 in the FTS, RAS+HRAP and RAS, respectively.
The daily ingested food was statistically the same in the three systems (ANOVA, p=0.5) but was higher in the FTS after 225 days' rearing and this trend held through to the end of the experiment.
The population of the FTS had the lowest FCR value (1.53), while the highest value occurred in the RAS (1.69).
Fish mortality was less than 10% per year in all the systems and was lower in the RAS+HRAP. No pathology was observed during the experiment and no chemical treatment was used.
Effect of HRAP on dissolved nutrients
The seasonal and annual average concentration of nutrients in the different systems are presented in Table 3 . Ammonia was measured as total ammonia nitrogen in our circuits. Unionised ammonia (UNA), that is 300-400 times more toxic than NH 4 + (Haywood, 1983) , was calculated using the equation of Johansson and Wedborg (1980) . 
FTS RAS RAS+HRAP 0.02 ± 0.01 2.00 ± 0.28* 1.57 ± 0.41* 0.2 ± 0.1 14.9 ± 2.7* 10.0 ± 2.2* 0.2 ± 0.1 14.7 ± 2.7* 9.8 ± 2.2* 0.00 ± 0.00 0.08 ± 0.04 0.05 ± 0.02 0.09 ± 0.04 0.12 ± 0.07 0.14 ± 0. The seasonal and annual average nutrient removals by HRAP are showed in Table 4 . We checked that the R feed/water ratio is statistically the same in the two recirculating systems during the water sample periods in winter (ANOVA, p=0.80), spring (KW test, p=0.07), summer (KW test, p=0.27) and autumn (ANOVA, p=0.75). 
3.3.2.Nutrient removal rates
The highest nitrogen removal occurred during summer with better climatic conditions and a higher harvesting rate (every 6 days). The lowest nitrogen removal was observed during winter, with the poorest climatic conditions and the lowest harvesting rate (every 14 days). Nitrogen removal is similar during spring and autumn. In spring, the climatic conditions are similar to summer but the harvesting rate is lower (every 14 days). In autumn, climatic conditions are closer to those in winter but the harvesting rate is higher (every 6 days). Throughout the year of the experiment, removal rate calculation confirms that the nitrate form is responsible for nitrogen removal in the HRAP.
The highest phosphate removal occurs during summer with the best climatic conditions, and harvesting rate. It is 10 times lower during winter and is negative during spring and autumn.
Discussion
One of the objectives of this study was to test the long-term effect of treated effluents on fish mortality and growth rates. Algae and zooplankton species which developed in the HRAP (Deddouche J., pers.
com.) are commonly found in eutrophic water such as lagoons. The HRAP treated water did not induce fish mortality, biological filter disturbance or delays in fish growth. In the recirculating system with HRAP, the mortality rate was two times lower than in the other systems. The biological filter was efficient all year long in removing toxic ammonia as shown by its low concentration in the circuit. The small but significant higher mean weight of fish after the month of maximum photosynthetic activity is in accordance with a previous study that showed a better growth of sea bass reared in HRAP water compared to standard water (Salery, pers. com.). These results may suggest a favourable effect of the HRAP water on sea bass survival and growth when climatic conditions are maximal for photosynthesis of algae. Capacities of algae to produce and absorb various compounds may explain the phenomena observed. HRAP water quality is therefore compatible with complete reuse in a recirculating rearing system all year long.
Fish growth statistically decreased in both RAS compared to the FTS after 266 days of rearing. The difference in average weight is about 15 % after one year. Several authors demonstrated that optimal temperature and pH, for D. labrax growth, were situated between 20-25 °C (Claireaux and Lagardère 1999 ) and 6.1-8 (Lemarié et al., 2000) , respectively. In other respects, recent experimentation showed that 3 months are necessary to obtain a 10 % decrease of the final average weight at a constant rearing temperature of 29 °C compared to 25 °C (Person-LeRuyet, pers. com.). They did not observe any effect on sea bass growth in this range of values. Sea bass can also tolerate a high range of salinity (10-40 g/l) but their metabolism tend to decrease with the salinity: the higher growth and increased daily feed rate were observed at intermediary salinity (Boeuf and Payan, 2001 ). However, Claireaux and Lagardère (1999) showed that significant differences in growth occurred only between 5 and 20 g/l.
During the experiment, some parameters were over the range for optimal growth in the three circuits.
Nevertheless, no simple correlation was found between growth and temperature, pH, salinity or oxygen concentration.
The analysis of growth factors (DIF, SGR, FCR) showed that the higher growth of fishes in the FTS is due to an increased ingested food. Among the factors that could be responsible of a decreased SGR and DIF in the recirculating systems, the accumulation of a toxic substance is a major hypothesis. TAN and UIA were far from 6.6 mg l -1 and 0.26 mg l -1 , respectively, which are the chronic sub-toxic concentrations for sea bass (Lemarié et al., in press ). Lemarié and Toften (2003) showed that accumulation of excretion products, due to a reduced water flow rate below 20 l h -1 kg -1 (of fish) in a flow through system, led to lower feed intake and sea bass growth and concluded that carbon dioxide is mainly responsible of the reduced performance. They also recorded abnormal behaviour such as lethargy and loss of reflex, that we also observed during the biometrics. In the recirculating systems carbon dioxide concentration of the water entering the fish tanks was higher than in the FTS in spite of the degassing column. In our circuits, the water renewal rate of 20 l h -1 kg -1 was reached when the fish biomass was 75 kg.m -3 . The limiting carbon dioxide concentration was obtained earlier in the recirculating systems because of the higher residual concentration.
Over a year, the HRAP decreased the dissolved inorganic nitrogen concentration by 25% and the phosphate concentration by 9%. The maximal nitrogen and phosphate removal rates occur during summer with the highest incident light and temperature. A weekly harvesting rate for seaweed led to double nitrogen removal in the ponds because it decreased the risk of nutrient release by dead algae and maintained optimal density for algae growth Jiménez del Rio et al., 1994) which depend highly on light penetration in the water column (Richmond et al., 1980) .
If nitrogen removal is related to climatic conditions for algae growth during each season, it is not only the case of the phosphates. Phosphate removal was negative at two occasions (spring and autumn) even though nitrogen removal was positive. This could be explained by the two processes acting on phosphates in HRAP: algae absorption and orthophosphate precipitation or dissolution around pH 8 (Moutin et al., 1992; Mesplé et al., 1996) . In other prospects, a high pH level could have been reached locally around the soda injection spot in the RAS.
In a previous study, Pagand et al., (2000b) obtained three and five times higher maximal nitrogen and phosphate removal rates respectively. This could be explained by some differences in his method: (1) the time of water sampling (14:00) which corresponded to a daily maximal photosynthesis (2) the low water flow rate at the entrance of the ponds (0.25 vol d -1 ) which results in a high pH and strong precipitation of phosphates and (3) a more precise calculation of HRAP removal capacities by comparison of nutrient concentrations at the entrance and the exit of the pond.
In our HRAP, supplied with a high nitrate effluent from an RAS, the nitrogen removal capacities of the algae was due to nitrate absorption. It was not the case with low ammonia effluent (around 1.4 mg l -1 N-TAN) as shown by Neori (1996) . He described that nitrate accumulation greatly reduces nitrogen removal capacity of the seaweed relative to ammonia and proposed limiting nitrification in such systems. He obtained a two to three times higher nitrogen removal rate in the algae pond related to a two times higher water exchange rate (3.3 vol d -1 ). This difference may be due to the preference of the algae in taking up ammonia over nitrate (D'Elia and DeBoer, 1978; Rosenberg and Ramus, 1984) and/or to a carbon depletion in our ponds already described in vitro (Parker, 1981) and in natural waters (Levavasseur et al., 1991) . According to the nutrient budget for the photosynthesis of macroalgae, the C/N/P ratio of the fish effluent should be equal to 550/30/1 (Atkinson and Smith, 1983) . The algae uses the inorganic carbon (IC) source for photosynthesis, that is the carbonate system in seawater. The IC concentration in natural seawater is around 30 mg l -1 . If we consider this value in the case of low ammonia effluents, the ratio is more or less respected, although there is a depletion of carbon in recirculating effluents. The IC concentration of our effluent should be around 250 mg l -1 regarding the nitrogen and phosphorus values.
In order to improve nitrogen and phosphate removal in the RAS+HRAP there is (1) the possibility of increasing the flow of inorganic carbon by increasing the water flow rate in the algae ponds and (2) of choosing the better intake and return points in the RAS to obtain more CO 2 enriched effluent for seaweed photosynthesis.
4.Conclusion
Sea bass growth rates were compared in 3 rearing systems: flow-through (FTS), recirculating aquaculture system (RAS) and recirculating aquaculture system with reuse of the waste water after treatment in a HRAP (RAS+HRAP).
The reuse of HRAP treated water didn't decrease fish growth in RAS over a one year range and even improved it during the month of maximal photoperiod. It also had a positive effect on fish survival, and the nitrification in the biological filter was not reduced. These results are favourable to complete reuse of the HRAP treated water, all year long, in the rearing systems.
The mean weights were similar in the three systems up to an average weight of 200g and a fish density of 50 kg.m -3 in the tanks. Afterwards, fish growth was better (15% on average) in the FTS compared to the two RAS. This slower growth in the RAS cannot be only explained by the concentration levels of the rearing parameters. Accumulating substances related to high fish density (carbon dioxide level in the tanks and other substances originating from the industrial food) and there combined effect are probably to be looked for.
On a one year range, the HRAP decreased the dissolved inorganic nitrogen and the phosphate concentration by 25% and 9% respectively. The maximal nitrogen and phosphate removal rates, 0.5 ± 0.2 gN.m -2 .d -1 and 0.03 ± 0.02 gP.m -2 .d -1 respectively, occurred during summer with the better climatic conditions and higher harvesting rates for seaweed. The absorption of nitrate is responsible for nitrogen removal and precipitation of phosphate should be taken into account to explain its removal.
Higher renewal rates in the HRAP should improve the inorganic carbon inflow, algae growth and nutrient removal.
